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I. 
r h e i r  s e n s i t i v i t y  t u  r a d i a t i o n .  In g e n e r a l  t h e  most r a d i a t i o n  s e n s i t i v e  

s i tes  tend  t o  be l o c a t e d  a t  k a s t  sevf?ral  c e n t i m e t e r s  below the  su r face  

0 1  t-he s k i n  iiiclluding t h e  bone marrov, arid t h e  abdominal organs.  Sk in .  

l a t  and r n u s ~ l e  a r e  sonEwhat Ips.; s i i s c r .p t ib l e  t o  damage by r lad ia t ion .  t~~ 

i ~ x r ~ t ~ p t i o r i  t o  t l i i s  s i t u < j f  i o r i  ~ x i 5 t s  h i t 1 1  w g a r d  to the elye. The co rnea  01 

tile r y ~  h a s  5liown t-o be e t t - renwly  r d d i a t i c v i  s c . I i s i t  iire, r a d i a t i o n  iriduced 

c a t d r a c  ts having  been obstirx\ed a s  t h e  on ly  1 ong term ccinhequence O F  a c e  I - 
dvnta  I r a d i a t i o n  expo-itiw5 1)ar.t i c ' i i  l a r l y  t o  heavy io i i iz ing  p a r t i c l e s  $tic!? 

rls pro tons  arid a IIlha i i c i r t i c . 1 ~ \ .  The .;itc! of ciepo5i t ion 1)1- r a d i a t i o n  i -  

a l s o  impor t an t  b ~ c  , ~ L I S ~ ,  o t  the j )h t>nownon o f  b u i  Id t i p .  This re.;ults t rim 

thc. i J roduct ion of -t-'cCiridary r l a d i a t  ion f ( i l lowing the i n i t i a l  i n t e r a c t i o r i  ! i f  

r a d i a t i o n  w i t h  m a t t e r .  In t h t .  c a w  (jf gamma r a y s .  b i i i l d  up  o c c u r s  f r c m  

5ecoiiciary X-rays prod\iced by Compton i i i t r r a r  t ions, ci l i r i  i h i  l a t i o n  quanta  

r e s u  Ltiiig f r o m  p a i r  1)rocJiic t i on  and in the  case  o? ciliarged p a r t i c l e s  from 

d i r e c t  n u c l e a r  r eac t iu i i s .  Thus i n  some cases the drpt l i  dose will cons iderably  

exceed  t h e  s u r f a c e  dosf  due t o  b u i l d  up w l i i l e  fur other. t y p e s  of r a d i a t i o n  

t h e  r e v e r s e  car: be t r u e  clue t o  shie1dii:g. 

When c o n s i d e r i n g  ;I wide v a r i e t y  of' types o f  i o ~ i i z i i i g  r a d i a t i o n ,  t h e  

problem of r e l a t i v e  b i o l o g i c a l  ef'f e c t i v e n e s s  becomes i i i c r r a s i l i g i y  cli i I i c u l t - .  

For  a p a r t i c u l a r  t y p e  of I -adiat icm.  rbe is de l - ined  a 5  t h e  r a t i o  betwcw-I the 

dose i n  r a d s  of gama  r a d i a t i o n  t'rorn a Co s o i i r c ~  to p~octuce a giver1 

b i o l o g i c a l  change, t r )  t h e  dose i n  r a d s  of r a d i a t i o n  under  cornparisor, t o  

produce t h e  same b i o l  o g i r a l  change. F o r  t h e  purpobe% o t  r a d i o l o g i c a l  pr-0- 

t e c t i o n ,  t l i r  s i m p l i f i c a t i o n  i s  f r e q u e n t l y  made t h a t  rbe is e q u a l  t o  1 o r  

X ,  g a m a  and b e t a  vad ia t ion ,  is equa l  t o  10  f o r  p r o t o n s ,  t a s t  neLittxw1-. slid 

a lpha  partlc!es, Is equal  t o  i i i  ~ O I -  i i i i i h  o€ mass g r e a t e r  t h a n  1 1 .  W i i i l c J  

lor ordinai7y r a d i u  Log ici,?i 1 J I ' U t e C t i C > T ?  p ! r p ~ s o s  stich assumptions may bc. acit.quate, 

t h e y  cannot- be cunsidered suf-f i c i e n t l y  accuratca for mahirig of jucigeriwrit% i r i  

mFrginal ~ ' a s e 5 .  
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exceed t~ t l .  C l e a r l y ,  a s  t h e  r a t e  0 1  energy d e p o s i t i o n  of‘ the pr imary  and 

secondary  r a d  i d  t i u n s  i nc reases ,  t h i s  1 l r o h a b i l i t y  f o r  b i o l o g i c a l  damage i n  a 

g iven  c e l l  i n c r e a s e s .  113 pTxinriplp then, r b e  s t iou ld  be e s t i m a t e d  by d e t e r  

minirig the  sp,ec~t-rium of’ i0FT r ~ e s u l t  irig 1 t’om the1 i i i t c J r a c b t  i o r i  o f  t h e  r a d i a t i m  

k i t h  t i - h u e .  l : xp r r~ im~r ; td l  mrasriremerit o i ‘  the. IKr s p c ~ c ~ t r - ~ i r n  h a s  been per - 

f ormed i r l  a I a h ~ r ~ a t - o r y  15iiig proport-  ioria 1 c o u r i t c ~ r ~ s  0 1  a h i g h l y  spec ia l  izet! 

deqigii. Whi I C *  tliis w o r k  is sti 11 expel.imiit;7 I ,  i t  ap1)c~clr.s t o  have promist. 

i n  a r r i v i n g  a t  a n i o i ~  I)recibe s t a t m e l i t  of r h t ~  i’he f i ) i >  t l i  t ’ f e r en t  r a d i a t i l m s .  

t ypes  01 r a d i a t i o n  eiic~ountereii .  E u t e r i \ i v e  s t u d i e h  havc. been performed on 

t h e  s o u ~ c e <  o f  1 )oss ib lP  1 - a d i a t i o n  d o s e  i n  a rnaririPt1 sI)ac’e ni iss ion w i t h  tht. 

g e n e r a l  coi1cliis ion thd: tile most Y i q i  if i c a n t  dose c u n t r t h u t i o n  i n  space 

r e s u l t s  f r o m  h i g h  energy  s o l a r  pro tons  i n  t h e  r i v e r i t  of solar .  f l a r e s .  Recause 

of t h e  h igh  r b e  i ) f  such par*ticTles,  t h i s  s o u r c e  o f  dose s h o ~ i l d  bt. m o s t  

p r e c i s e l y  c h a r a c t e r i z e d .  111 a d d i t i o n .  t r apped  e l e c t r o n s  and bremss t r a h  tunc1 

a s s o c i a t e d  w i t 1 1  5 topp  ing of t h e s e  e l e c t r o n s  i n  1-kip matcJr i a  L of t h e  spa(8ecr a f t  

clan r v p r e s e n t  2 s i g n i f  iciant c o n t r i b u t i o n  t o  dose p a r t  ic - i i l a r ly  i f  reridezvous 

o p e r a t i o n s  i n  t h e  r e g i o n  of  the  beLts t a k e s  co r i s ide rab le  time, although the 

e s t i m a t e d  di?sei fo r  t y p e s  of missions p lanned  i.-, q u i t e  s m a l l .  A t h i r d  

p o s s i b l e  sou rve  of r a d i a t i u n  dose coiws from b e t a  arid garnma emit ters  on 

t h e  sur face  of t h e >  mocm c r e a t e d  by bombardment cjf t h e  moon stirface by 

p r o t o n s .  Whilc~ the  dose ccmt r ibu t ion  t rom t h i s  s o u t ~ c ~  t iqs  not- bee11 e x i e r i  - 

m n t a l l y  v e r i f i e d ,  p r e  i iminary  e s t i m a t e s  i n d i c a t v  t h a t  i t  w i l l  be v e l a t i  el? 

l o w .  IiaJever, i t  canno t  be d iscounted  a l t o g e t h e r .  The A p o l l o  r a d i a t  i r q i i  

d s s i m e t r y  t h e n  is t c  be regarded p r i m a r i l y  a s  a prot im dosimk-~-’r arid 

hah been the phi losophy I ) u r s u r d  i r i  its d e s i g n .  H O W P V P K ~ .  p r e s e r v a t i o n  of 

r e s p o n s e  t o  e l e c t r o n s  and photons is valuablcl in i i i c reas  irig t h e  u n i v e r s a l i * y  

of the i n s t r u m n t .  
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n o t  on I y bevert. e n g i n e e r i n g  l i a  i \on p r o b  L v m s ,  but p o t e n t i a l  haza rds  t o  t h e  

presburt .  i n t e g r i t y  of t h e  s u i t .  a dec~ i s ion  w a s  made t o  l o c a t e  a l l  e l c n e n t y  

~f t h e  dos i n i r t t l r .  package o i i t s i d r  t l i c '  p w s s s r i z t ~ d  5 u i t .  0;. a l l  possible on- 

Cepts ,  R <rlf -(loriti*inc'd ~,.ickagc> t o  btb 1 o c . a t t ~ d  i n  R poc7hc.t on t h e  aJ t 5  idc. 

r i f  the1 ~ I J R C - ~  > ; l i t  in  t-he ,wgir),i #>k thcl  abtiomciJi o r '  t h  igh5 appeared to br )no* t 

c,onvenicnt whi 1 ~ 1  s t i l  I m,i in ta i i i in , :  r > c a + o n a u l e  ~3 l e m t * i i  tc, ot Zood p e r s o n a l  

dosimetry Coiic'cJpt. W h i t e  the citit5iCie eriviL~onirKIit i s  qi i i te  h o s t i l e  i n  t c , t ' r : l >  

of t e m p r a t t i r t .  f ~ x t w m c ~ ~  to elc~c.troiri(~ i r i s t r ~ u m e ~ ~ t a t i o n  ot' a 11 sorts, i t  u~i!-. 

1 e l t  p u s s i b l c  to modp t'rite t h e  c?rivit~ctniwiit by :;ood tllF-'rn\i! 1 c o n t a c t  beht?t.ti 

t h e  dosimetry pac ha P +vd th t -  >pace s i i i t  i t s v  L f  . T h i s  t ends  t o  s e v e r e l y  

l imit-  the s i z e  and w r i ~ h t  of t l i ~  i i i ?  t r~irr l rnt  5 irice i t  r l e a r l y  should  r io t  

intc-.ri'erv rvith the f r e e  movvrwnt 1 1 1  t l w  a s t r o n a u t  i r i  ally way. It & a s  

agreed t h a t  tlicise cundi t ioI i5  c 3 1 1 l d  be 1 t i l f i 1  led  by a p a c h a p  approximate ly  

1" x L" x 3" prov ided  i t  was ~ a t - e f ~ ! I l y  desigr1r.d to be I ree  of any sliat-p 

c o r n e r s  o r  p r o j e c t i o n s  which might r e p r e s e n t  a sou rce  of damage t o  t h e  space 

s u i t .  Because of the w q u i r e m n t  f o r  t wti  movernent 01' t h e  a s t r o n a u t ,  p a r -  

t i c u l a r l y  in r.onriection w i t h  movenerit on t h p  s u r l a c e  nf t h e  moon, the 

d o s i m e t r y  system shou ld  be cornpLetely independent  u f  the  s p a c e c r a f t  w i t h  I 

r e g a r d  t o  power and  r . t . aduut  p rovis icx is .  This l i m i t a t i o i i  t h e n  reqL:it-ed a 

power sys tem and readout  p r o v i s  ion which c o u l d  be pavkaged i n  the a L o t t e d  

space  w h i l e  s t i l l  prluviding p(xJet1 arid p r o d i s i o n  t o r  r eadou t  for,  t h e  e n t i r e  

d u r a t i o n  o f '  the miss ion .  I t  w i  11 be cBlear t h a t  t h e s e  r equ i r emen t s  have  

imposed c p r t a  i n  l i m i t a t i r m s  CHI a d o s  imetry sys t c ,m .  However, the zdvatrtage+ 

of f l e x i b i l i t y  01 use gairled woiilJ dppear  t o  outweigh any d i sadvan tages  

in t roduced .  
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4. GENERAL SYSTEM DESIGN 

A b a s i c  dos imet ry  system c o n s i s t s  of. a d r t e c t o r  r e spons ive  t o  i o n i z i n g  

r a d i a t i o n ,  an e l e c t r o n i c  system capable  of- c o n v e r t i n g  t h e  s i g n a l s  from t h e  

d e t e c t o r  i n t o  some q u a n t i t y  p r o p o r t i o n a l  t o  do,st., a r e a d o u t  sys tem c a p a b l e  

of d i s p l a y i n g  t h e  accumulated dose ,  and a powc’r sour’ce t o  p rov ide  priergq 

€or t h e  o t h e r  components. The twc~ a s p e c t s  ot ‘  the s y s t e m  which i n t e r f a c e  

w i t h  t h e  ourside wor ld ,  the d e t e c t o r  a n d  t h e  readout ,  t e n d  l o  d i c t a t e  the 

o v e r - a l l  system des ign .  I J ~  both cases, the  extreme requi rements  foil s i z e  

and power consumption tiave s e ~ e r e l y  l i m i t e d  the a v a i l a b l e  c h o i c e s .  A cmi - 
v e n t i o n a i  gas  i o n i z a t i  011 chamber i s  c l e a r l y  n o t  appl  i c a b l e .  Even fo r  chambers 

o p e r a t e d  a t  h igh  pres‘y-ire, t h e  a v a i l a b l e  chamber volume is so  small a s  to  

reduce t h e  amount of observed cha rge  bt.1 ow t h e  rieasoiiable t h r e s h o l d  of o b s e r -  

v a t i o n .  ( ; as  p r o p o r t i o n a j  coun te r s  a r e  l i t t l e  b e t t e r .  While c o n s i d e r a b l e  

g a i n  is  a v a i l a b l e  i n  the gas a m p l i f i c a t i o n  process .  the. s t a b i l i t y  of s i c h  

d e v i c e s  p a r t i c u l a r l y  i n  t h e  small s i z e  necessa ry  i s  ex t r eme ly  ques t i cn  a b  le. 

The l o g i c a l  choice  is  t h e  semiconductor r a d i a t i o n  d e t e c t o r ,  s i n c e  t h i s  

r e p r e s e n t s  the  h i g h e s t  d e n s i t y  device  capab le  of producing  e l e c t r i c a l  clharye 

p r o p o r t i o n a l  t o  energy absorbed from r a d i a t i o n  f i e  Ids. In o r d e r  t o  reduce, 

i n s o f a r  a s  p o s s i b l e ,  d i r e c t i o n a l  e f f e c t s  and t o  s i m u l a t e  a s  n e a r l y  as 

p o s s i b l e  the  dose produc.ed i n  t i s s u e ,  a sma l l  ciibic d e t e c t o r  embedded i n  a 

t i s s u e  e q u i v a j e n t  medium is  employed. The s i z e  o f  t h e  d e t e c t o r  i s  d i c t a t e d  

by t h e  c o n i - l i c t i n g  dos imet ry  requivements t h a t ,  on one hand, t h e  presenct. 

of t h e  s i l i c o n  p e r t u r b  t h e  t i s s u e  e q u i v a l e n t  environment  a s  l i t t l e  a s  

p o s s i b l e ,  and on t h e  o t h e r  hand bv t h e  requi rement  t h a t .  t h e  d e t e c t o r  be 5 e n s i -  

t i v e  t o  minimum i o n i z i n g  p a r t i c l e s  and have a r easonab le  response  to gamna 

r a y s  a s  w e l l  a s  t h e  b a s i c  s e n s i t i v i t y  t o  p r o t o n s .  

The b a s i c  ~~qt i i i -~ i i ie r i t  Oii  - the readc?ut is .mximiwn r e a d a b l e  dynamic i’ange 

and r e so l .u t ion  c o n s i s t e n t  w i t h  the  s i z e  requi rements .  Because of thr w i d e  riaiige 

of  r a d i a t i o n  c o n d i t i o n s  a n t i c i p a t e d ,  r eadab le  dose should  e x t e n d  from d ! ew 

m i l l i r a d s  t o  as  much a s  500 r a d s .  A Ibange of  5 m i l l i r a d s  t o  S O 0  r a d s  r ep -  

r e s e n t s  an o v e r - a l l  range  of 10 :1. This  might i n  pr i r lc ip . le  be comprp3sed 

i n t o  a logarithmic: s c a l e  a s  is  common3.y done i n  survey  meters of var ioi14 

iypc?s. The l i m i t a t i o n  o f  a l oga r i thmic  s c a l e  is t h e  i n a b i  1 i t y  t o  I Y : : ~  sma 1 1  

d o s e  changes super-imposed on t o p  of a r e l a t i v e l y  l a rge  close. a n d  ! tius 

5 
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inc i ica t ions  of ra te  a r e  r a t h e r  t i i f t i c -u l t  t-o o b t d i n .  A m u l t i - s c a l e  instr-1:- 

m e r i t  hav ing  f i n e ,  medium anti coarbe i n d i c a t o r s  w o u l d  permit a l i n e a r  sea le 

i n s  t-rument has  pr’O\feit exc-ept ior la l  Ly r eadab le  i n  a wide  v/ar) ie ty  of e r iv i ron -  

n ~ n t s  and r e p w s e n t s  a format reasririably t’amil jar> to e \ e r y o n e .  Its mohr 

sc2vere dibadvaritage i ie> i n  the  r a t i o s  of h l ) ,  h0 and 12 which corresponds  

t o  our rirm-decimal d iv ih io i i s  of t h e  d a y  i r i t o  L3e:ic>rids, minutes  and hour s .  To 

b r i n g  t h i s  i‘ace i n t o  keeping w i t h  a d ~ ( . i i n a l  s u b - d i v i s i o n ,  s c a l e  factor-s  o! 

5 0 ,  511 and 10 a r e  adopted.  While t h i s  p rov ides  rl r a n g e a b i l i t y  of only  2 b , ( l O o : 1  

a loss of resolution by r e q u i r i n g  c l o s e r  i n t e r p o l a t i o n  between d i v i s  ioils 0 1 1  

t h e  l e a s t  s i g n i f i c a n t  sc-ale i s  a s m a l l  p r i c e  t o  pay for  t he  i m d i a t e  arid 

obvious r e a d a b i l i t y  of’ the m o s t  s i g n i f i c a n t  s ca l e .  This  compromise was 

c o n s i d e r e d  most a p p r o p r i a t e  s i n c e  i t  places  thp g r e a t e s t  r e a d a b i l i t y  i r i  

t h a t  p o r t i o n  of the sca le  where t h e  p o t e n t i a l  h a z a r d  e x i s t s .  A watch mechanism 

i t s e l f  r e p r e s e n t s  perhaps  t h e  most compact wide range  i n d i c a t i n g  i n s t r u m n t  

which is  p r c s e n t l y  a v a i l a b l e  i n  P lec t romechanica l  technoloLT. I n  p a r t i c u l a r ,  

t h e  t u n i n g  f o r k  d r i v e n  wa tch  movement rnanul‘ac t i lred by the Rulova Watch 

Company f o r  i t s  Accutron w r i s t  watches seemed p a r t i v u l a r l y  s u i t a b l e  esjwc>fa  Lly 

i n  view of i t s  previous a p p l i c a t i o n  i n  s a t e l l i t e s  f o r  t iming  and c o n t r o l .  

map ejectronic uy c . r c . t r \ r n  i. Lczlll for +---- L L  a i i a t u L  ,------ A ~ ~ g  the iiiip~ils~~ uf  charge  c n u i i r c t e d  

i n  t h e  d e t e c t o r  i n t o  t h e  d e f l e c t i o i i  of t h e  Acciitron watch movement, 1 5  

n e c e s s a r i l y  of some complexi ty .  In b r i e f ,  it c o n s i s t s  of a charge  s e n s i t i l l e  

p r e a m p l i f i e r  producing pulses  p r o p o r t i o n a l  t o  the  vhnrge a s s w  i a t e d  w i t-h * Iie 
i n d i v i d u a l  i n t e r a c t i o n s  i n  t h e  d e t e c t o r ,  a mul t i - s c>n le  arnplif ier (qapab I t  

(JF b r i n g i n g  t h e s e  p u l s e s  up t o  a l e v e l  s u i t a b l e  f o r  t o t a l  chqrge ir i t t igrat  1 m ,  

a t h r e s h o l d  i n t e g r a t o r  c o n v e r t i n g  these p u l s e s  i n t o  a ( - i i r > w n t  pt opn, ‘ OlldJ 

t o  d o s e  r a t e .  an e l ec t rochemica l  c ~ 1 1  t>apablp  of intc.>::r-aI i!ix t! is r’ ’ t f 
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5. DETAILED SYSTEM DESIGN 

5.1. De tec to r  

-10- 

The s i l i c o n  j u n c t i o n  rillclear p a r t i c - e  de t ec to i .  can ,e r ega rded  a.- 

an  i o n i z a t i o n  chamber i n  w h i c h  one e k c t r o n i c  c h a r &  is  c o l l e c t e d  t OT' 
eve ry  3.5 e l e c t r o n  v o l t s  O S  energy d i s s i p a t e d  i n  t h e  a c t i v e  volume of 

t h e  d e v i c e .  The charge  t h e n  co.llec-ted i s  g iven  by F., t h e  charge (in 

the  e l e c t r o n  d i v i d e d  by 3 .5  oou.lornbs/eV. S ince  t h e r e  a r e  E j o u l e s  e\' 
t h e  e l e c t r o n i c  charge  c a n c e l s  o u t  and L'3.5 coulombs/joule is col1ec;ed. 

For a d e t e c t o r  mass 01' one gram t h i s  would r e p r e s e n t  U 3 . 5  x 10 .c:.)i.~it)mbs 

c o l l e c t e d / r a d  ( i t '  1 U  c o u l  ombs/mi l l i r~ad . .  S l g n i f ' i c a n t  dose ra tes  V ~ R ~ P  

down t o  t h e  order of 1 t u  Z m i l l i r a d s h o u r  thus  t h e  ~ 3 0 1  l e c t e d  c u r r e i , t  .)I? 
t h e s e  dose rlates would he less t h a n  10 amperes. Since a t  normal  

t empera tu res ,  t h e r m a l l y  gene ra t ed  c u r r e n t s  i n  t h e  s i  [ icon  d e t e c t o r  a r e  

s e v e r a l  o r d e r s  of' magnitude l a rge r ,  it i s  c l e a r l y  imprac t - i ca l  t o  a t t e m p t  

t o  c o l l e c t  and measure t h e  charge co l l ec t ec i  i n  t h e  d e t e c t o r  by slmnply 

measuring t h e  i n t e g r a l  of t h e  !X c w r r e n t  f l owing ,  a s  is done i.n gas  
- i 5  i o n i z a t i o n  chambers w h e r e  leakage  c u r r e n t s  can be reduced t o  t h e  .In 

ampere range .  It is  then  necessa ry  t o  be a b l e  t o  observe  t h e  p u l s e  0' 

cha rge  c o l l e c t e d  i rom each  ionizing e v e n t  i n  t h e  d e t e c t o r  whieh ,  because 

it is  a d i s c r e e t  p u l s e  can be a m p l i f i e d  by c o n v e n t i o n a l  n u c l e a r  pi Ise 

arnplif i c a t i o n  t echn iques .  Under t h e s e  c o n d i t i o n s ,  t h e  thermal 1.y 2:erwra t e d  

DC l cakzge  c u r r e n t  can be ignored since i t  f l m s  more o r  l e s s  a s  a 

con t inuous  current and can  be i soLa ted  from t h e  sys tem by maris of 2 

c a p a c i t o r .  The choice of an optim:im d e t e c t o r  c o n f i g u r a t i o n  i s  ba5ed 011 a 
compromise between a number 01' c o n s i d e r a t i o n s .  , S i 1  icon d e t e c t o r s  c':lri tw 

F a b r i c a t e d  w i t h  t h e  mass of the  s e n s i t i v e  r e g i o n  of the d e t e c t o r  parig irig 

f r o m  1 m i l l i g r a m  t o  t h e  o r d e r  of a few grams. From the p o i n t  of' v-iew o f  

i s o t r 0 p i . c  respconse a d e t e z t o r  having A s p h e r i c a l  sei15 i t i v e  v0.111me is 

c l e a r l y  t h e  most- rte.;ir.able. Wh:l!e : ; ~ h ~ r . e s  been f a b r i c a t e d ,  t h e  

r i e l i . a b i . l i t y  and r e p r o d u c i b i l  ity of  such  d e v i c e s  i s  i n  se-r ious clues t i o n .  

The r e sponse  of a cube, which r e p r e s e n t s  t h e  s i . m p L e s t  and (-e1 iablcl  c . o . ! -  

f i g u r a t i o n  f o r  t h e  d e t e c t o r ,  i s  ve ry  n e a r l y  equivalent t o  that- 1 :  t-hr 

s p h e r e .  The mass per u n i t  a r e a  p r e s e n t e d  by the  detcct :or  fror 1 .!r r . o ~ ~ ~  

a s p e c t s  d i f ' f evs  less than  10% f r o m  an i d e a l  s p h e r e .  t ' t ,cJm t t : c .  p o 7 ~  1 

-5 
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, C , L ~  o i  inn I ~ i t a i n i n g  i.1 n e a r l y  i d e a i  t i s s u e  i-.espoiise, the d e t e c t o r  silua.!!.! 

bc, :is sma.1 1 as p o s s i b l e  s i n c e ,  when embedded i n  a mass of’ t i s s u e  c-’qui.va- 

.!ent matr r i . a I ,  t h e  s m a l l e r  t h e  d e t e c t o r  mass the less t h e  p e r t u r b a t i o n  of 

the. popii I a t i o n  of  secondary elec!trons produced i n  t h e  t i s s u e  e q u i v a l e n t  

mater ia.1 . ifowever, t h e  a v a i l a b l e  p u l s e  he igh- t s  vary  i n v e r s e l y  w i t h  t h e  

d e t e c t o r  dimcJnsions. A l i m i t  exis- ts  on t h e  minimum p u l s e  h e i g h t  wh icl? 

clan be d e t e c t e d ,  imposed by the  no i se  o f  t h e  . j . ,sociated preanipljf i e r .  Ail  

a p r a c t i c a l  m a t t e r  t h i s  limit i s  of’ t h e  order of 5C1 keV f o r  t r a n s i s t o r ~ . i z e d  

amp1if’ier.s o p e r a t i n g  over’ a wi.de temperature  range .  F o r  t h i s  reason ,  i t  

iLs: dcJsirab!P t h a t  a l . l  pu l se  h e i g h t s  of i n t e r e s t  be la rge  compared w i t h  

t h i s  number. A minimum i o n i z i n g  p a r t i c l e  loses of’ t h e  order ot‘ 350 keV 

p v  m i l l i m e  tpr of s i l i c o n .  T h i s  w mild then s e t  the a p p r o p r i a t e  d e t e c t o r  

dimensions of. t h e  order- of 1-2mm. Cons ide ra t ions  of s e n s i t i v i t y  a t  l o w  

r a t e s  d i c t a t e  t h e  use of  t h e  larger of  t h e s e  two f lg l i r e s  and a d e t e c t o r  

o f  2mm on rdge has been adopted.  The presence  of t h i s  amount of a tomic 

number 2 8  m a t e r i a l  i n  t h e  t i s s u e  e q u i v a l e n t  mass, tei ids t o  p rov ide  excess  

response  for. 1 . 0 ~  energy secondar i e s  sirice they w i l l  be comple te ly  s topped  

i n  t h e  d e t e c t o r .  On t h e  o t h e r  hand, -the n e c e s s i t y  of imposing a cu t - a f t ’  

on energy  due t o  a m p l i f i e r  no ise ,  t e n d s  t o  r e s u l t  i n  a d e f i c i . e n t  response  

i n  t h i s  r e g i o n .  The p r e s e r v a t i o n  of response  t o  gamma r a y s  over  a wide 

energy  range is  achieved  by t h e  use  of a d e t e c t o r  of‘ t h i s  t h i c k n e s s .  

The response  to I a s t  protons is  almos-t independent  c.)f t h e  choice ot‘ 

d e t e c t o r  t h i c k n e s s  provided  t h e  d e t e c t o r  i s  t h i n  compared w i t h  t h e  range 

(7f t h e  p ro tons  of i .nterest .  This  energy  range is de termined  by coi:sitlera- 

t i o n  of thci d e p t h  a t  which i o n i z i n g  r a d i a t i o i ,  is most l i k e l y  t o  produce 

the g r e a t e 5 t  damage. As t h i s  is t h e  o r d e r  of s e v e r a l  c e n t i m e t e r s  t i l e .  m 7 \ t  

i n t e r e s t i n g  r ange  of p ro ton  enerL9 i s  of t h e  order of l O f l - - Z O O  Me\’. 

T b q f - ’  p a r t i c l e s  w i l l  d e p o s i t  t h e i r  maximum amount oi enel-gy a t  dep th i  ‘;: 

beve ra l  wiitiineters whi l e  pro tons  o f  l e s s e r  energy w i l l  b e  s topped  i n  the, 

s u p e r l i c i a i  layers oi s k i n  and iixiscle. The more eneryet ic t  p ro ton5  w i l l  

ciomplett. Ly p e n e t r a t e  the  body and r e p r e s e n t  an IET  o 1 1  Ly L; 1 igh t ly  g w a  te t l  

t h a n  ~ l ~ r t r o n .  A 2mn d e t e c t o r  i b  c - lear ly  t h i n  cc)mpared w i t h  tJie t-ai)ge C J t  

t h e s e  p a r t i c l e s  arid theref  o r e  should r e f l ec t  t h e  dose q u i t e  ac(’Lit’ntClly i i i  

t h e  range o f  i n t e r e s t .  The l a r g e s t  a v a i l a b l e  p u l s e  l i ~ i g h t  trorn t-he 

d e t e c t o r  w i l l  be approximately 20 M e V  corvesponding t o  t h e  entar’gy p a r t i r -  i r ‘  
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which i s  j u s t  s topped  i n  2rruil of s i l i c o n .  

d e p o s i t  approximate ly  0.7 Fk V. Gama r a y s  w i l l  produce a spec t rwn  of p u l s e  

h e i g h t s  co r re spond ing  t o  tlx, t y p i c a l  Compton d i s t c i b u t i m  from z e r o  tip t o  
t h e  Compton edge. For enervc>t ic  S~IJIIIH r a y s  t h i s  d i s t r i b u t i o n  i s  v a t h e r  

f L a t  w i t h  energy and t h e  p h ( ~ t o  and p a i r  p roduc t ion  c o n t r i b u t i o n  is 

aLmost n e g l i g i b l e .  

t e n d  t o  be more and m o r e  co i lcent ra ted  in pho to  p r o c e s s e s  r e s u l t i n g  i r 7  

e l e c t r o n s  hav ing  t h e  fuL l  g a m  r a y  e n e r , y .  A t  approximate ly  50 heV 

t h e  energy absorbed’unit  mass of aluminum, w h i c h  is very similar t o  

s i l i c o n  i s  more ‘han double t h a t  absorbed  by t i s s u e .  A t  100 keV these 

a r e  nearlly the ’ . m e .  However, a s  a restilt ot  t h e  pwsenc2e of a 51) k e V  

t h r e s h o l d  imposed by t h e  e l e c t r o n i c s ,  no  enerky  d e p o s i t i o n  by Cornpton 

procosscs a t  50 ke!’ will be observed arid a d e f i c i t  of apprcx imate ly  1/2 

a t  1IJ(J he1’wil . l  e x i s t .  Thus i n  f i r s t  oilder t h e  appa ren t  dose  l o s t  dtle 

t o  t h e  i g n n r i n g  of Compton processes by the  energy  t h r e s h o l d  t e n d s  t o  be 
compensated f o r  by t h e  excess photo p r o c e s s e s  i n  t h e  h i g h e r  atomic mmber 

s i l i c o n  as opposed t o  t i s s u e .  I\ detcc t o r  is  sur rounded by approxirndrely 

2mn of t i s s u e  e q u i v a l e n t  m a t e r i a l  i i i  o r d e r  t h a t  e q u i l i b r i u m  e x i s t  for. t h e  

Minimum i o n z i n g  p a r t i c l e s  

A t  energies of 100 kef! and lower, t he  g a m a  processes 

1 

s e c m d a r y  e l e c t r o n s  generated from g a m a  rays up t o  l MeV.  T h i s  is  a ,! 
compromise d i r e c t e d  toward avo id ing  e x c e s s  m a t e r i a l  which would increase  

t h e  t h r e s h o l d  f o r  good pro ton  dose measurement. It is u n f o r t u n a t e  t h a t  

t h e  achievement of good gamrna dos imerry  arid good pro ton  d o s i m t r - y  is  home- 

what a n t a g o n i s t i c  i n  a s i n g l p  i n s t n m e n t .  However., t h e  2mn t i s s u e  w a l l  

appears t o  be a reaSo11able ccrmpromise. The t i s s u e  e q u i v a l e n t  m a t e r i a  i 

s e l e c t e d  is a s i l i c o n e  r u b b v r  iI; which t h e  s i l i c - o n  d e t e c t o r  is krtwn to 

be s t a b l e .  The ave rage  Z i s  s l i g h t l y  h i g h e r  than t h e  e q u i v a l e n t  ave rage  

L of t issue s ince  it is  somewhat d e f i c i e n t  i n  oxygen and c o n t a i n s  an  

a p p r e c  i a b l b  s i l i c o n  (Tontent. However, t h i s  t e n d s  t o  be compensated r:>r 
by s l i g h t  ~ Y C ~ S S  c ~ t  iydr*vg:en. The d e t e c t o r  is then canned i n  a TO-5 

t r a n s  is t o r  can c o n t r i b u t i n g  somewhat tcr t h e  p ro ton  energy  t h r e s h o l d  by 

v i r t u e  of approximate ly  10 m i l s  o f  s t a i x l e s s  s t e e l .  The  canning  o f  t h e  

d e t e c t o r i  h a s  f e l t  t o  be e s s e n t i a l  t o  t h e  assura l lce  of long t e r m  re I I + b i J  i t y  

and 5 t a h i l  i t y  o f  the d e t e c t o r .  

A \  $ah been d i s c u s s e d .  t i l e  sysrem perfor.mance is lar’gety d e p e ; , < i e r  i 

upon t I !e  iloi,se l e v e l  and dynamic. r a i i g e  of t h e  amplitier a s s o c i a t e d  w i t h  





the vo l t age  g a i n  f o r  t h e   yera rational i n t e g m t o r ;  its output is connected 
to ai e i n i k t e i ,  folluwet. Q I i n  o r ~ k r  t I) prov ide  a9 impedance match t c b  ttte 

7 

or 
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be ampli-fied approximate ly  1000 t i m e s  t o  of t h e  o r d e r  of 500mv in 

o r d e r  to ~ i s e  t h e  i t r 5 O O m v  ener7,y yap of a s i l i c o n  t r a n s i s t o r  a s  a 

t h r e s h o l d  dev ice .  If l i n e i , r i t y  i s  t o  be p rese rved ,  t h i s  would imply 

a dynamic range corr.esI).mdiriK to Z ( J 0  v o l t s  C o r  t h e  l a r g e s t  s i g n a l s .  

smpli  ficJr c h a i n  i n  whic!: b i c p a l s  c~cmsesponriing t o  l a r g e  i n p u t s  are 

t aken  off e a r l y  i n  the  cha:'n f ir subsequent  p r o c e s s i n g  and are p e r m i t t e d  

t o  s a t u r a t e  the 5tages Latei. i n  the chain whereas l o w  Level signal..: are 

a m p l i f i e d  by the l a t e r  s t a g e s  t o  prvjvide l i n e a r  outpi i ts .  Three such  

o u t p u t s  a r e  used, t he  h i g h e s t  l e v e l  go ing  from 5 M e V  t o  20  MeV, the 
n e x t  f r o m  0 . 5  MeV t o  5 k%\ and t h e  l a s t  from 5c) kcV to0.5 MeV i n  w1iic-h 

t h e s e  l i m i t s  r e p r e s e n t  t h e  5Uf )mv t l i reshold  arid a 5 \volt s a t u r a t i o n  I ~ v e l  
r e s p e c t i v e l y .  The requi rement  on t h e  ampl i f i e i i  s t a g e s  is t h a t  t hey  have 

an a c c u r a t e l y  c o n t r o l l e d  g a i n  of 10 w i t h  l i n e a r i t y  up t o  5 volts apd 

gracef'ul overload c h a r a c t e r i s t i c s .  In a d d i t i o n  of c o u r s e ,  p m e r  con-  

sumption must be k e p t  t o  an a b s o l u t e  m i n i m u m .  In  o r d e r  t h a t  t h e  ampl i -  

f i e r  be n o n - i n v e r t i n g  a two s t a g e  a m p l i f i e r  l oop  is i n d i c a t e d .  The1 

l a r g e  a i , a i l a b l e  o u t p u t  swing of up t o  90% uf t h e  B+ v o l t a g e  and lcw 

pmer consumption is  o b t a i m d  by t h e  use  of complementary s t a g e s  i n  which 
t h e  q u i e s c e n t  c u r r e n t  i s  made a s  l o w  as p o s s i b l e  c o n s i s t e n t  w i t h  main- 

t a i n i n g  good g a i n  bandwidtl; p roduc t  f o r  t h e  t r a n s i s t o r s  used. In oz-der- 

t o  o b t a i n  t h e  necessa ry  s t a b i l i t y  o v e r - a l l  Yeedback is used .  The i i r s t  

s t a g e  i s  a di f fe renc le  a m p l i f i e r  u s i n g  two ~ ~ - p - - n  s i l i c o n  p l a n a r  t r a n s i s -  

to rs  of the 'rN930 g e n e r a l  t y p .  The d i f ' f e r e n c e  a m p l i f i e r  cornpat.e.-, t h e  

i n p u t  s i g n a l  w i t h  a p u r t i o n  of t h e  ou tpu t  s i g n a l  and s u p p l i e s  t h e  amp1 i -  

f i e d  d i f f e r e n c e  sigma1 d i r e c t  t o  t h e  base  of t h e  p-n-p output  t ~ a n ~ l s t o r .  

K e f e r r i n g  t y p i c a l l y  to t h e  secnrid s t a g e ,  feedback  to  de te rmine  the  g a i n  

of t h e  a m p l i f i e r  s t a g e  is determined by R Z 7  and RZ8 10K and 90K ohms 
r e s p e c t i v e l y .  DC s t a b i l i t y  is i n s u r e d  by R L 6  and C, 
h i g h  feedback a t  IX i n  order. t o  s t a b i l i z e  t h e  o p e r a t i n g  p o i n t  i n  t h e  

presence of changing  t empera tu re  and changing  Bt v o l t a g e .  The oper??-h< 

point.  of Q, is de termined  by R b a s e  d i v i d e r  c o n s i s t i n g  of R 

which f i x  the  base  v o l t a g e  a t  1 / L  B +  v o l t a g e .  DC Feedback w i l  1 t ' + n  * ' x  

which p rov ide  w r y  
..- 

a i d  c .3  22 
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t h e  base  oh Q8 w i t h i n  a few m i l  i v o l t s  of t h i s  p o i n t .  The d i v i d e r  

c o n s i s t i n g  oi  l iL6 ,  R2,, R Z 8  and h l z 0  d e t e rmines  t h e  o p e r a t i n g  p o i n t  

of t h e  o u t p u t  t r a n s i s t o r  s i rwe  the v o l t a g e  a t  t h e  c o L l e c t o r  of (1 

w i l l  assume a va lue  which makes t h e  base o f  Q, assilme the  same v o l t a g e  

as t h e  ba>,t. of' Q,. 

c u r r e n t  through t h e  ser ies  ciombinaticm of R Z 6  and R2, w i l l  be 3 volts 

d i v i d e d  by 140K OL' approximate ly  22 mirroamperes.  This 22 microamperes 

f luwing  t-hroiigh R produces a d r o p  of' 2 v o l t s .  The c o l l e c t o r  of 

t h e n  o p e r a t e s  a t  apliroximately 1 v o l t .  In the  a c t u a l  c a s e  t h i s  stpatly 

s t a t e  o p e r a t i n g  v o l t a g e  is somewhat l w e r  due to t h e  base  c u r r e n t  drawn 

by Q,. 

Qg. 
an o u t p u t  v o l t a g e  swing of' 5 v o l t s  is o h t z i n e d  with d 6 v o l t  supp ly .  

The s t a b i l i t y  of t h e  s a t u r a t i o n  l e v e l  i s  a s s u r e d  by t h e  DC feedback 

p a t h  d e s c r i b e d  e a r l i e r .  Under s a t u r a t i o n  t h e  c o l l e c t o r  of Q-. is  

connec ted  back t o  t h e  p o s i t i v e  supply.  

emi t te r  f o l l v w e r  due t o  t h e  comnon emitter r e s i s t - o r  Rr Thus t h e  high  

i n p u t  impedance i s  main ta ined  even i n  t h e  p re sence  of deep s a t u r a t i o ! i  

so 110 e x c e s s i v e  c h a r g i n g  of C12 t h e  c o u p l i n g  c a p a c i t o r  i s  expe r i enced .  

This p e r m i t s  t h e  c i r c u i t  t o  r e c o v e r  w i t h i n  the l e n g t h  of t h e  pulse  f r o m  

9 

In  o r d e r  t o r  t h e  base  of Q t o  be 3 v o l t s ,  the E? 

2 8  

The e x c u r s i o n  of t h e  ou tpu t  s i g n a l  is l i m i t e d  by s a t u r a t i o n  of 
S i n c e  t h e  s a t u r a t i o n  vo l t age  of Q is of t h e  o r d e r  o€ 0.2  v o l t s ,  9 

/ 

Q, t hen  e f f e c t i v e l y  becomes ;IR 

24'  

extreme ove r loads .  

i s  s i m i l a r  w i t h  t h e  e x c e p t i o n  of t h e  i n c l u s i o n  of C t o  l i m i t  t h e  h igh  

f r equency  r e sponse  t o  an optimim v a l u e  and t h e  i n c r e a s e d  g a i n  of the 

s t a g e  due t o  R 

p u l s e  h e i g h t  l o s s e s  accompanying p u l s e  shap ing .  To prwvide s u f f  i r s ien t  

open Poop g a i n  t h e  cornon e m i t t e r  r e s i . s t o r  v a l u e  is ha lved  a t  the expense 

of a d d i t i o n a l  s tand-by  power (?onsumption. D i f f e r e n t i a t i o n  is accomplished 

by Cl0 and K,, t o  p rov ide  a 1 mic rwecond  decay cms tmt .  

of the d i  f f e r e n t i a t i o n  t h e  a v a i l a b l e  p u l s e  h e i g h t  e x c u r s i o n  a t  t e r m i n a l  

F is l i m i t e d  t o  3 v o l t s  i n s t e a d  of 5 v o l t s ,  r e s u 1 t i n g . h  s a t u r a t i o n  ) e v e 1  

of 30 MeV a t  t h e  i n p u t .  S i n c e ,  a s  w e  hsve seen ,  t h e  l a r g e s t  piilse 

p o s s i b l e  i n  t h e  d e t e c t o r  i s  of the  o r d e r  of 20  MeV adeqiiate dynamic 

The shap ing  a m p l i f i e r  c o n s i s t i n g  of Q 4' Q, and Q, 
9 

and K18 i n  p a r a l l e l  i n  o r d e r  t o  rompensate f o r  t h e  
1 8 A  

As a resliit 
L A  

r a n g e  e x i s t s  t o  avo id  s a t u r a t i o n  a t  h i g h  l e v e l s .  S i n c e  a g a i n  oi' tr-li is 

o b t a i n e d  i.n e a c h  of t h e  t h r e e  a m p l i f i e r  s t a g e s ,  a g a i n  04 '  l n  from '-he 

p r e a m p l i f i e r  p e r m i t s  r a i s i n g  511 keV s i g n a l s  t o  50U m i !  1 i \o l t - s  a t  ~ , t p t . r  H. 

3 
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5 . 3  Ant ic  ipa ted  Counting h - i t e s  

r t  ib impor tan t  t o  e x ~ ~ t * r . s s  tire d o s e - r a t e  i n  t e r m s  of countinK 

r a t e s  uf v a r i o u s  s i z e  p \ i . l w k  i r i  o r d y r  t o  deterimine. t h e  e f f e c t s  of 

p u l s e  p i l e  U I I  and r ive r ' l oad .  The mass of a 2mm cub ica l  detector is 

given by V , t h e  iroLume V i b  8.r 1 : )  cm a n d  the d e n s i t y  of t h e  r~ 'y? - t aL  

2 . 3 3  gI\am,'cm . Thi5 giiw., a nliiss d i t  l # . O x l U  g r a m .  S i n c e  one .>at! 

d e p o s i t s  100 ~ rgs /g ram,  one r a d  hoLi ld  deposit i r i  t h e  d e t e c t o r  

l O ~ l x l 8 . G x l ~ ~ ~ ~  or 1 .86  Prgs.  

a r e  1.6x.10 
h r ad  or L.Lxlll MP"/rrid. In  a radiation t i w l d  of 1 rad,/?lour t h i s  w o u l d  

imply 330 count  ' sec for 1 M e V  p u l w s  and about 5UU Courits/'Fecond f t 1 c 1  

minimum i o n i z i n g  p u l s e s .  As the  amp1 i f i t r  can ac~comnodate p u l s e  r a r e +  

up t o  about  50,I)Oll /second, there shou ld  be no d i f  f ' i r iulty i n  accomct- 

d a t i n g  any conce ivable  r a d  i a t i o n  dose- ra t  c-. which migh t  be encounter-ed 

i n  a space  s i t u a t i o n .  

response  m u l t i p l i e d  by t h e  b c i i s i t i v i t y  o f  the  a m p l i f i e r  i n  v o l t s / M e V ,  

t hen  t h e  r e s u l t  i s  a f i g u r e  having thr  dimensions of v o l t s / r a d  and is 

numer ica l ly  equa l  to l.Lxlr)' f o r  t l l c .  H or h i g h e s t  g a i n  ou tpu t ,  i . e .  the 

p roduc t  of' t h e  nwnber of e v e n t s  and t h e  pu l se  h e i g h t  for an i n t e g r a t e d  

- 3  3 

c 3  - 3  

-7 T h i s  i.c1 1 . 8 f x 1 0  j o u l e s  o r  s i n c e  thert .  
- I 0 

. j o u l r + / e V  t h c 1 1 ~  w i l l  be depos i t ed  approximate ly  1 . 2 \  L~" 'eV/  

T f  t h e  l.LxIObMeV/rad h a s  t h e  b a s i c  de tec tor -  

dose of 1 r a d  is equal  t o  t-his f ig i i re .  

5 . 4  Pulse I n t e g r a t o r  

The o u t p u t s  from t h e  a m p l i f i e r  m i s t  he i n t e g r a t e d  t o  provide  t o t a l  

dose in format ion .  S ince  the r a t e  of a c c u m l a t i o n  of dose v a r i e s  ove r  

ve ry  wide l i m i t s ,  r a t h e r  e x a c t i n g  demands a r e  imposed on t h e  i n t e g r a  t i o n  

c i r c u i t r y .  Convent ional  o p e r a t i o n a l  i n t e g r a t o r s  a r e  l i m i t e d  by leakage 

c u r r e n t  t o  i n t e g r a t i n g  t imes  of a few minutes .  S ince  s i g n i f i c a n t  doses  

may be accumulated ove r  p e r i o d s  o f '  hours, such i n t e g r a t o r s  a r e  obvious ly  

n o t  s u i t a b i e .  E lec t rochemica l  i n t e g r a t o r s  have been i n v e s t i g a t e d  a s  a 

means of p rov id ing  d r i f t  f r e e  i n t e g r a  t i o n  over p e r i o d s  r a r ~ g i n g  from 

seconds  t o  hours. Among the dev ices  i n v e q t i g a t e d  a r e  the M e m i s  ter A h i c h  

cons is t s  of an e lec t rochemicaL c e l J  i n  whiclh me ta l  is p i a t e d  f i . l r m  .-tn 

e l e c t r o l y t e  on t o  a r e s i s t i v e  s u b s t r a r e  i n  o r d e r  to provide  a ~ ~ ) t i d u r t a r i ~ ~ e  

p r o p o r t i o n a l  t o  i n t e g r a t e d  p l a t i n g  c u r r e n t ,  the S o l  ion  c ~ 1 1  whirt  i n t e -  

g r a t e s  by e l e c t r o c h e m i c a l  conversiori  ul' i od ide  i r o n  t o  i o d i r e  a d s 1 1 -  

s e q u e n t  d i f f u s i o n  of free ilidirie through a semipermzable nlemb!*arie, 41 ious 
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i 

t y p e s  of coulometer's invol ;  ing > r i s u a l  r e a d u u t  of a column of p l a t e d  
m a t e r i a l ,  and t l i c ?  Bissett Rernian 1 7 - T e l l .  The f i r s t  two were b a s i c a l l )  

iound u n s u i t a j l e  as  a re+ti.l t o f  the tendenciy t o  s h y  z e r o  d r i f t  i n  t h e  

absence of a p l a t i n g  cwmerit. The v i suaJ  r e a d o u t  c3ou lowte r s  t end  t o  

J a c k  w n s i t i v i t y  a r d  sc-ale r e a d a b i l i t y .  The His,setkRerrnan E-eel L t;as 

shtlwn t h e  g r e a t e s t  promise arid was qdopted. B r i e f l y ,  t h i s  c e l l  Cori.sists 

of two c a r ~ f ' 1 1 1  l y  preparcid noble  m e t a l  P l e c t r u i e b  inuwrsed i n  an elcacti (3 -  

l y t e  c o n t a i n i n g  an excess o t  silvei ions .  A measiired amount of s i  I V P '  

is p l a t e d  i r o m  an rxtclrnaJ r l ec , t rode  nn t o  one of tile e l e c t r o d e s  arid +he 

c e l l  f i e l d  by cr imping  of a platinurn sea l -o t  f t ube .  Subsequent ad I d s t -  

ment of t h e  aao!mtr c)f f ree  s i l ve r  i n  t h e .  ce13 r:an be a c ~ r ~ ( m p l i s h e d  by 

p l a t i n g  some of t h e  o r i g i n a J l y  d e p o s i t e d  i n a t e r i a l  on t o  t h e  p l a t inum sr-.aL- 

off t ube .  I n t e g r a t i o n  t a k e s  p j a c e  d u r i n g  the> passage of a c u r r e n t  t r w n  

z e r o  t o  10 microampere through the c e l l  w i t h  ttir silver c o a t e d  rese,vr#ir  

b e i n g  t h e  anode. In accordance w i t h  Farraday's p r i n c i p l e  one gram 

e q u i v a l e n t  of s i l v e r  is t r a n s f e r r e d  f o r  e v e r y  96,500 coulombs passed 

t h rough  t h e  c e l l .  This  p r o c e s s  cont in l ies  r i t h e r  u n t i l  t h e  s i l v e r  reser- 

v o i r  is comple t e ly  d e p l e t e d ,  d e t e c t e d  by a rise of p o t e n t i a l  acros- the 

c e l l ,  or  t h e  c e l l  is read  o u t .  Readout c o n s i s t s  o t  r e v e r s i n g  t h e  p l a t i n g  

c u r r e n t  and m a s u r i n g  t o t a l  charge n e c e s s a r y  t o  rcaturn. a l l  t h e  s i l . er  

back t o  t h e  r e s e r v o i r  d e t e c t e d  aga in  by an i n c r e a s e  i n  v o l t a g e  drop  

across  t h e  c e l l .  S ince  s i l v e r  c a n  t1vmsf:c.r cmly w i t h  t h e  pas sage  l ) f '  

c u r r e n t  t h e  cell is s t a b l e  as  Long a s  t h e  c u r r e n t  I;assirig th rough  is [ero. 

The p l a t e d  m a t e r i a l  can  be p e r m i t t e d  t o  remain i n d e f i n i t e l y  on e i t h e r  

e l e c t r o d e  and t h e  c e l l  r e s t o r e d  t o  t h e  o r i g i n a l  s t a t e  by p l a t i n g  i t  t t )  

tho r e s e r v o i r .  While d e f i n i t e  tempera ture  l i m i t a t i o n s  a r e  imposed by 

t h e  f r eez ing  of t h e  e l e c t r o l y t e  a t  approximate ly  - 3 0 ° C ,  it a p p e a m  t u  

offer a s u i t a b l e  i n t e g r a t i o n  means f o r  t h e  dose re.c:;;ded by t11e s y s t e m .  

The pulses from t h e  a m p l i f i e r  cannot be i n t e g r a t e d  d i r e c t l y  by t h e  !;-cell. 

f o r  two r e a s o n s .  F i r s t ,  t h e  p u l s e s  n e c e s s a r i l y  arie b i - p o l a r  i . e .  c , i n t a in  

no  DC component s i n c e  t h e y  a r e  capac - i t i ve ly  coupled  both  w i t h i n  the 

a m p l i f i e r  and a t  tk ou tpu t .  Secondly,  any atternpl- t o  i n t e g r a t e  the 

p u l s e s  d i r e c t l y  would r e s u l t  i n  i n t e g r a t i n g  n o i s e  which, thougtl s w l  i r ,  

ampl i tude ,  i s  p r e s e n t  c o n t i r ~ u o u s l y  and t h e r e f o r e  can resu l t  i n  t :w 

accumula t ion  o f  a p p r e c i a b l e  appa ren t  dose. Thcl l a t t e r  problem ; \  o t  a1 t 

w i t h  by means 11f t h r e e  e m i t t p r  f o l l m t r ' b  which  arc. b i a s e d  to l ) . e s t * i t  a 
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t h r e s h o l d  of SO0 mi l l ivo! t s  t o  t h e  incoming s i g n a l .  This co r re sponds  

t o  the energy  gay of a z e r o  hiased  s i l i c o n  t r a n s i s t o r .  In drawing 

BL503Cli54-65 t h e s e  a r e  Q , ,  Qi and  Q , .  

i n p u t s  must exceed 500 m i l  L j v o l t s  b e f o r e  any o u t p u t  appea r s  a t  t he  ir 

e m i t t e r s .  T I I  o r d e r  t o  c o i i v e r s t  t h e  b i - p o l a r  i n p u t  p u l s e  t o  a un id i r ec  - 
ti0na.L c u r r e n t ,  i! ncm-1 i n e a r  e le lmi i t  must bc introdiiced. H m e v e r .  sirch 

n u n - l i n e a r  e lements  n r w t  no t  d i s t o r t  t he  bas ic 1 i nea r i t ? ;  of t h e  system. 

i . e .  i n  s p i t e  of t h e  presence  of t h e s e  elt?mcrrits, t h e  i n t e g r a t e d  rhsrge 

shou ld  be e q u a l  t o  the p u l s e  h e i g h t ,  pu l se  r a t e  i n t e g r a l  of t h e  i i i ~ ~ ~ ~ t - .  

Po p r e v e n t  t h e  n o n - l i n e a r  r-llements, i n  t h i s  c a s e  diodes D and D3 !run1 

a f f e c t i n g  t h e  1 r i i ea r i ty  of '  t h e  system, t h e  E-cell-, i ts  bypassed c a p a c i t o r  

C7 alid d iodes  DZ arid Dj are  p l aced  i n  t h e  feedback loop of an  ope ra t i  m a l  

i n t e g r a t o r  composed of Q Q, s e r v e s  a s  t h e  i n t e g r a t o r  hav ing  t h e  

E-cell  and i t s  a s s o c i a t e d  c~urnponents connec ted  t ' r o m  c o l l e c t o r  t o  base ,  

and Q, s e r v e s  as a s w i t c h  t o  ensu re  ze ro  o u t p u t  From t h e  i n t e g r a t d r  i n  

t h e  absence of a pulse above t h r e s h o l d .  T n  o r d e r  t o  u n d e r s t a n d  t h e  

a c t i o n  of t h e  i n t e g r a t o r ,  c o n s i d e r  a p u l s e  from t h e  a m p l i f i e r  a p p l i e d  t o  

t h e  base of Q,. 

The base  emitter j u n c t i o n  of Q4 is i n  i t s  c o l l e c t o r  c i r c u i t  and 0 

has  been normally bypassed o f f .  t u r n s  on, clamping t h e  b a s e  of Q 
5 

Previoiisly, R g  t u r n e d  on Q, clamping t h e  c o l l e c t o r  of Q 

t r a n s i s t o r  Q- p r e v e n t s  any sma l l  s i g n a l s  p r e s e n t  a t  t h e  c o l l e c t o r  of 0 

from overcoming the  d iode  gaps of D, and Dj arid hence c a u s i n g  s p u r i o ~ k  
L 

i n t e g r a t i o n  of cha rge  i n  t h e  E -ce l l .  However, a s  Q5 i s  c u t  off  by t\rs 

s a t u r a t i n g  of Q,, t he  c o l l e c t o r  o f  Q is tree t o  fall F r o m  i t s  previo i i s  

v a l u e .  The c h a r g i n g  c u r r e n t  of C 3  flows i n t o  the base of Q 

collector f a l l s ,  t h e  charge El rwing  i r i t u  C, from t h e  emitter of' Q,: is 

s i i p p i i e d  by t h e  feedback p a t h  through D2 d e p o s i t i n g  a cha rge  on C 

p r o p o r t i o n a l  t o  t h e  cha rge  on Cj. 
conducts once more t r a n s f e r r i n g  this charge thro\igh Dj t(3 t h e  E - c > e ! L .  

Higher l e v e l  s i g n a l s  overcome t h e  t h r e s h o l d  of e i the r  Q, or Q, the t, t a l  

c h a r g e  b e i n g  sumned i n t o  t h e  base of Q th rough c a p a c i t o r s  d e t e m i p p d  by 

t h e  d e s i r e d  s c a l e  f a c t o r .  The amount of cha rge  d e p o s i t e d  on t h e  I'-celi 

is  simply e q u a l  t o  t h e  summing c a p a c i t o r  C 3 ,  C- 

S i g n a l s  t q  any of t h e s e  t h r e e  

2 

arid Q,. 5 

If t h i s  p u j s e  is  i n  excess of 500 m i l l i v o l t s ,  Q, cotiducts.  

which 
'y ' 

t o  approx ima te ly  

t o  et. 

6 
'0 .5 v o l t  below Bt as determined by D1. The low impedance of t h e  5 a t u r a t e d  

6 5 

h 
As its  6 '  

- 
h 

A t  t h e  conclusiori  of t h e  p u l s e .  05 

6 

o r  C time5 the , 1 ,11&.e  L 1 
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v o l t a g e .  Cons ide r ing  f i ~ w  C t h e  charge d e l i v e r e d  w i l l  be 5 0  pc/volt. 

M u l t i p l y i n g  this by the p r v i c n n s  s e r s i t i v i t y  f igurr of 1.2~10 vo l t s i?*ad  

we g e t  an i n t e g r a t e d  chtlrge o t  1 . ~ ~ 1 0 ~  x iClxlQ 

A t  a d o s e  r a t e  of 1 rlad/houl-, this r j e s u l t s  in B cu i . r e r l t  of 600 mic? * J -  

coul.ombs d i v i d e d  by > b 1 j O  wvonds  O I -  1 / b t!i a mic.1xcoampere f o r  a 1 pa:lLm 

dobe r a t e .  S i n r e  t h e  F-cel t ( ’XI  t o l e r a t e  6 0  times t h i s  dose  r a t e ,  the 

E-ce l l  a n d  Lntegratoi’  irnposr a L i m i t a t i o n  1 1 1  1 r;id/minllte for t he  incfiident 

duse r a t e .  The s a w  s c * a l r  fac i tur -  ’ldllds 1,)r highe.1. e n e r u  s i g n a l s  

capable  ( i l  ovc,riciominp, the thresho113 of Q or Ql. 51nce e a c h  v o l t  a *  . his 

p o i n t  t-epiBe%t.nts e i t h e r  ter? or onf? huridwtl  I - i m p s  t h r  i nc iden t  dtisc. rate, 

t h e  c a p a c i t o r s  C , and C a r e  made t e n  arid onc‘ hundred times l a r g e r  t h a n  

C3 respect ively.  The 500 m i l l i v o l t  t h r e s h o l d  i r i t - r o d u r b e s  no apprec  iab le 

nun-1  i n e a r i t y  i n  t h e  rebpmise f o r  the> l’ullcwiiig r e a h o n :  T f  a s i g n a  L ‘la.- 

s u f f i c i e n t  h e i g h t  t c b  exceed t h e  t l ~ r e s h o l d  of Q 1 .  t h r  3UI.J m i l l i v o l t  which 

it l o s e s  across t h e  t h r e s h o l d  gap is just c70mpc?rlSated by t h e  s a t u r a t i n g  

s igna3  appea r ing  a t  t h e  babe of  Q but  cci i ipled i n t v  the i n t e g r a t o r .  ~ J Y  

L/lOth t h e  c a p a c i t a n c e .  The \ a m  Is true of the SOU m i l l i v o l t  gap a t  Q 

being compensated by t h e  co r re spond ing  s a t u r a t i o n  s jkmal  a t  t h e  base I f  

Q,. 
a t  t h e  c o l l e c t o r  of’ Q capac i tc ) r  C: adde i n  t h P  a p p r o p r i a t e  charge to 

7 3 
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o r  600 microcou L{mb/-ad. 

2 

1 

2 

2 

The 500 m i l l i v o l t  gap a t  t h e  base of Q, is cl,mpeilsated €OK> by a % t e p  

4 ’ 4 
make up fo r  t h a t  Lost. I 

The r e a d o u t  from t h e  e l e c t r o c h e m i c a l  cell is accomplished by npans 

7 of a c o n t r o l  f l i p - f l o p  c o n s i s t i n g  of Q 

by r e v e r s i n g  t h e  d i r e c t i o n a l  cu r ren t  f l o w  through t h e  E-cell  and measi:r~ing 

t h e  time required f o r  a c o r s t a n t  c i u r r e n t  to r e v e r s e  p l a t e  t h e  s i lver-  

i n i t i a l l y  t r a n s f e r r e d  d u r i n g  dose accumula t ion .  

conduc t ing .  

emitter.  

and d iode  D is  r e v e r s e  biased. Tne E-cell accumulates  i n  a normal way. 

The operat ing p o i n r  f o r  t h e  base oi Q,, i s  de termined  by the potentjal 

of t h e  s a t u r a t e d  c o l l e c t o r  or  Q,. 

c o n d i t i o n s  is f u l f i l l e d .  If t h e  E -ce l l  is comple t e ly  p l a t e d  A C I ~ ( ~ S S  

t h e  v o l t a g e  a c r o s s  t h e  E-cell  begins  t o  r-isr due t o  t h e  intc~g:r~; ; tor  ,ttc,rnpt 

i n g  t o  push a d d i t i o n a l  chai>ge tliticwgh t h e  cclJ 1 when t h e r e  is n o  rn P 

and Q,. Readout is accampltshed 

I n i t i a l l y ,  assumr Q9 i s  

The e o l l e c t o r  of’ Q, is then  clamped w i t h i n  0 . 1  v o l t  clt  i t s  

Q, is t h e n  c u t  o€ f  s i n r e  i t s  base is re-turned t o  ite emitter 

4 

Readout occur s  i f  e i t h e r  one ot  two 
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p l a t a b l e  s i l v e r  a r a i l a b l e .  This causes  a r ise  i n  t h e  base  of Q u n t i l  

it conducts  c u t t i n g  o f f  Q,,, and Q, th rough t h e  u s u a l  f l i p - f l o p  a c t i o n .  

C u t t i n g  off  Q,, causes  t h e  output  i n d i c a t o r  t o  run, a s  w i l l  be seen  l a ter .  
When Q, is at o f f ,  i t s  c o l l e c t o r  clurrent t hen  flows through t h e  E-cell 

i n  t h e  oppos i t e  senst‘  t o  t h e  u i * i g i n a l  p l a t i n g  c u r r e n t ,  r e t u r n i n g  t o  the 
common through t h e  base ot’ 0;. 
r e v e r s e  p l a t i n g  is t a k i n g  p lace .  A l t e r n a t i v e l y ,  the  r eadou t  p rocess  may 

t a k e  placp on demand by pushing t h e  r eadou t  s w i t c h  which momentarily c u t s  

of f  Olo. 
w i l l  remain i n  this s t a t e  u n t i l  t h i s  m a t e r i a l  is reverse p l a t e d .  As 

r e v e r s e  p l a t i n g  .]ears i t s  end p o i n t ,  t h e  c o l l e c t o r  of Q, beg ins  t o  rise  

s i n c e  t h e  E-cell can no longe r  main ta in  a low v o l t a g e  drop  w i t h o u t  p l a t -  

a b l e  m a t e r i a l  bciing a v a i l a b l e .  and D6 
i n t o  conduct ion  caus ing  t h e  s i l i c o i i  cont r*ol  s w i t c h  Q t o  become conduc t ing  

and clamping t h e  c u l l e c t o r  of Q, t o  i t s  emit ter .  This  c u t s  o f f  Q arid t h e  

o r i g i n a l  s t a t e  is  main ta ined .  S ince  r e v e r s e  p l a t i n g  t a k e s  p l a c e  w i t h  30 

microamperes, t h e  600 microcur ies / rad  r e s u l t s  i n  a 6 0  second r e a d o u t  

c y c l e / r a d .  This  cor responds  t o  one r e v o l u t i o n  of the  second hand on t h e  

r e a d o u t  timer e s t a b l i s h i n g  the  s c a l e  f a c t o r  of 1 r a d t e v o l u t i m  f o r  t h e  

second hand. 

7 

T h i s  keeps Q conduct ing  a s  l ong  a s  7 

If p l a t a b l e  m a t e r i a l  is a v a i l a b l e  on t h e  € ; - ce l l ,  t h e  f l i p - f l o p  

This r ise i n  p o t e n t i a l  r a i s e s  D 5 

a 
7 

5.5 Readout C i r c u i t  

A s  has  been p r e v i o u s l y  d i scussed ,  t h e  Accutron watch movement iw 
used as  a b a s i s  of s c a l i n g  t h e  time necessa ry  t o  back p l a t e  t h e  E-cell 

fo r  a g iven  charge .  This is  a ruggedized v e r s i o n  of the t u n i n g  f o r k  d r i v e n  

w r i s t  watch i.n c m o n  use. S e v e r a l  requi rements  have had t o  be m e t  i n  

o r d e r  t o  make t h i s  dev ice  use fu l  f o r  r e a d i n g  o u t  t h e  dos imeter .  First, 

t h e  g e a r  r a t i o s  have been a l t e r e d  such t h a t  a c o n s i s t e n t  r a t i o  between 

s c a l e s  is e s t a b l i s h e d .  The s e c m d  hand r e p r e s e n t s  1 r a d / r e v o l u t i o n  Sfnce 

the watch f a c e  is  d i v i d e d  i n t o  ten major d i v i s i o n s  each of  t h e s e  corres- 

ponds t o  100 m r  and i n  t u r n  each of the  major d iv i s ion ’ s  i n t o  f i v e  minor 

d iv . i s ions  cor responding  t o  20  mr’ each.  S ince  t h e  eye car! e a s i l y  rpsolve 

h a l f  of one of t h e s e  d i v i s i o n s ,  10 rnr r e p r e s e n t s  t h e  r e s o l u t i o n  ot t h e  

r e a d o u t  system. The minute hand makes one r e v o l u t i o n  f o r  every  5 : )  

r e v o l u t i o n s  .of +he second h a n d ,  t h u s  i t  r e p r e s e n t s  S O R / ~ ~ v o h t i o ! i  or’ ‘.P 

t*or each  major d iv is i r rn  and 1 R  f o r  minor d i v i s i o n .  T h e  hour hand mkps 
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I "  
i "  
1 .  

one r e v o l u t i o n  f o r  each  t e n  r e v o l u t j o n s  of t h e  minu&hand, g i v i n g  a 

f u l l  s c a l e  unambiguous o u t p u t  t u  500R. The Accutrori movement p r e s e n t s  

some d i f f i c u l t y  i n  b e i n g  used  i n  t h e  i n t e r m i t t e n t  mode. 

us@ it r u n s  c o n t i n u o u s l y  and is somewhat c l u g g i s h  i n  s t a r t i n g .  Tn f a c t ,  

i n  g e n e r a l ,  i t  w i l l  r i o t  s t p r t  by i t s e l i  b u t  must he g iven  a s h a r p  t a p  to set 
t h e  fo rk  i n i t i a l l y  i n  motioi;. While t h i s  is u s e f u l  i n  a watch i n  cirder t o  
p rov ide  a p r e c i s e  s e t t i n g  f e a t u r e ,  it is  c l e a r l y  a source of d i f f i c x u l t y  

i n  t h e  present  app l l ca tLon .  In a d d i t i o n ,  t h e  l a r g e  amount of s t o r e d  

energy  i n  t h e  tuning for'k, trends t o  cause  t h e  watch t o  con t inue  to a(:- 

vance a f t e r  po.+vi i.; removed from t h e  f o r k .  While t h e s e  two e f f e c t s .  

As normal ly  

t h a t  of a sluggish s t a r t  and c o a s t i n g  a f t e r  s t o p ,  t e n d  t o  c a n c e l ,  

un€o i> tuna te ly ,  t h e y  are both t cmpera tum s e n s i t i v e  and t h e r e f o r e  are  t o  

be minimized. The c i r c u i t  i n v o l v i n g  Ql1 ,  Q,, and Q,, is d i r e c t e d  toward 
t h a t  end. 

The t u n i n g  fork d r i v e  winding is  cumected i n  i t s  c o l l e c t o r  feedback 

winding  supp ly ing  base d r i v e .  

b a s e  b i a s .  Cll is  r e q u i r e d  t o  s u p p r e s s  h igh  f r equency  o s c i l l a t i o n  modes 

which r e s i i l t  from i n c i d e n t a l  e l -ec t romagnet ic  c o u p l i n g  between t h e  d r i v e  

and feedback windings and a f requency  f a r  removed from t h e  f o r k  o s c i l l a -  

t i o n  f requency .  

motion o f  t h e  watch a f t e r  power is  removed, Q,, is  k e p t  s a t u r a t e d  across 
t h e  d r i v e  winding. This  a c t s  as  a dynamic b rake  r i e f l e c t i n g  a ve ry  l a r g e  

damping f a c t o r  i i i t o  the fork through t h e  d r i v e  winding. 

the basic- d r i v e  power a s  a series w i t c h .  It is normal ly  biased  c i f l  when 

Th i s  cuts  

Q I 3  is t h e  b a s i c  oscillator t o  s u s t a i n  t u n i n g  fork o s c i l l a t i o n s .  

RZ1 and C13 m a i n t a i n  t h e  a p p r o p r i a t e  

In o r d e r  t o  p r e v e n t  c o a s t i n g ,  o r  for t h a t  m a t t e r  any 

Q,, SuppLiPs 

is  conduct ing .  The watch i s  s t a r t e d  when Q,, is c u t  o f f .  Qll 

s a t u r a t e  Q,,, e f f e c t i v e l y  eor inrc t ing  t h e  d r i v e  winding  t o  3-t. 

off Q,, removing t h e  damping from t h e  d r i v e  winding  and p e r m i t s  R I H  t o  

no rma l ly  cha rged  t o  approximately 2 v o l t s  by a s m a l l  amount of leakage 
c u r r e n t  which is f e d  t o  t h e  c - i r c u i t  th rough R L 9 .  When Q,, is  s a t u r a t e d  

then, i n i t i a l l y  f o u r  v o l t s  or  approximate ly  twice t h e  o p e r a t i n g  voltage 

is imposed across t h e  d r i v e  c i r c u i t  f o r  a p e r i o d  of a f e w  m i l l i s e c o n d s .  

is 

As ClZ cha rges  t o  i t s  e q u i l i b r i u m  v a h q  

c i r c u i t  f a l l s  t o  i t s  nominal v a l u e  of  1 . 5  v o l t s .  This h igh  i n i t i a l  

t r a n s i e n t  v o l t a g e  across t h e  d r i v e  c i r c u i t  c a u s e s  r a p i d  s t a r t i n g  c-'.'en 

i n  the abserice of' an i n i t i a l  impiilse. 

a g a i n  s a t u r a t e s ,  t i i rn ing  on Q,, and  off Q12 and r te turn ing  t h e  c i r cu i t  t o  

t h e  v o l t a g e  d rop  acrosh the d r i v e  

The watch  runs  u n t i l  (,JJ~, <,rice 
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its q u i e s c e n t  s t a t e .  While t h e  c i r c u i t r y  involved  i n  i n t e g r a t o r  and 

d r i v e  c i r c u i t s  may appear  q u i t e  complex, c o n s i d e r a b l e  e f f o r t  has  been 

devoted t o  reducing  it t o  s i m p l e s t  terms c o n s i s t e n t  w i t h  ach iev ing  

t h e  r e q u i r e d  ope ra t ion .  Attempts have been made t u  minimize bulky 

components w i t h  the result t h a t  the e n t i r e  c i r c u i t  occupies less than 

1 c u . i n .  

5 .6  DC t o  DC Conver te r  

In  o r d e r  t o  p rov ide  approximately 150 v o l t s  b i a s  f o r  t h e  d e t e c t o r ,  

a DC t o  DC c o n v e r t e r  is  r equ i r ed .  W i &  a view of maximum s i m p l i c i t y ,  

a s i n g l e  elided b lock ing  o s c i l l a t o r  type of c o n v e r t e r  was used. h a w i n g  

AL502E1554-65 slims t h e  c i r c u i t  adopted, a submin ia tu re  a u d i o  t r ans fo rmer  

i s  used t o  provide  a 5 t - q  of approximately 22:l. The o p e r a t i n g  

f r equency  is k e p t  below 1 k i l o c y c l e  t o  conserve  power, a s  de te rmined  by 

t h e  .005 microfarad  c a p a c i t o r  and 750K resistor used i n  the base  of t h e  

feedback  c i r c u i t .  A simpLe h a l f  way r e c t i f i e r  is used F d l m e d  by a Tt 

s e c t i o n  RC f i l t e r  t o  remove any r e s i d u a l  r i p p l e .  Power* consumption is  

approximate ly  hO microamperc>s a t  0 volts for 1 microampere ou tpu t  a t  

S O  v o l t  g i v i n g  an e f f i c i e n c y  cons ide rab ly  b e t t e r  than  30%. To p rov ide  

g r e a t e r  i l e x i b i l i t y  i n  pmer hiiyply and to minimize p o s s i b l e  i n t e r f e r e n c e  

between t h e  DC t o  DC c o n v e r t e r  and t h e  l a w  l e v e l  c i r r u i t r y ,  t h e  IX: to 

DC c o n v e r t e r  is coh ta ined  i n  t h e  power module which is e e p a r a b l c  from the 
main body oi t h e  i n s  trul'mn t . 

5 .7  Primary Power Source 

A number of d i t  Ft . rwit  p r imary  power sou rces  wew in \*es  t i g a t e d  w i t h  

a view o f  jirvvidirig t h e  g w a t e q t  op(~i7a t ior ia l  f l e x i b i l i t y  r i o n s i s t e n t  with 

the d u r a t i o n  of t h e  miss ion. Rethargeahle battt .r . ips of a r i i c k e i  cadmium 

or s i l v e r  cadmium type  were cbori+idt.wd f r o m  t he  p o i n t  of view o f  ('on- 

venience ,  p a r t i c u l a r l y  d u r i n g  r a  I i b r a t i o n  and ground hand l ing .  S i n w  thpqp  

a r e  r e c h a r g e a b l e  durii ig pei.iods o f  idleness  the ins t rument  is always i n  a 

s ta te  of r e a d i n e s s  f o r  use.  l l n fc~r tuna te ly ,  the  amount of space  r e q u i r e d  

f o r  r e c h a r g e a b l e  b a t t e r i e s  s u f f i c i p v i t  t o  provide  IJOWW between cha rg ings  

f o r  one complete  miss ion ,  i s  g r e a t r r  t\m t he  space whjch could  be a l o t t e d .  

For t h i s  r eason ,  t h e  pr imary b a t t e r y  of t h e  s i l v e r  ox ide-z inc  type was u s e d .  ,. 



This  b a t t e r y  type  o r i g i n a l l y  developed f o r  use  in  compact h e a r i n g  aids, 
e 3.ectric watches and s i m i l a r  a p p l i c a t i o n s  r e p r e s e n t s  t h e  most compact 

sou rce  of energy avai lable  capable  of working over r easonab le  tempera ture  

range .  The i n d i v i d u a l  c e l l s  a r e  con ta ined  i n  a d e t a t c h a b l e  power module 
along w i t h  t h e  DC t o  Ix: c o n v e r t e r  capable of be ing  changed i n  f l i g h t  if 
necessa ry .  This module was originally des igned  t o  be made from plastic 
t o  minimize weight  and provide  e l e c t r i c a l  i n s u l a t i o n .  However, s t m c - t u r a l  

c o n s i d e r a t i o n s  fo rced  a change t o  anodized aluminum. 

. I  

i 
I 

4 

I 



. .  
-26- 

6. MECHANICAL DESIGN 

The bas ic  mechanical design of the  u n i t  i s  shown i n  drawingClSOX11SS%-SS 

As i s  obvious considerable crowding i s  required t o  f i t ' i n  a l l  t h e  necessary 

components. The package i s  basical ly  divided i n t o  two sections,  the  dosi- 
meter and the power supply module. The power supply module i s  a plug-in 

assembly containing the  M: t o  DC converter For b i a s  and t h e  s i l v e r  oxide 
cel ls  f o r  bas ic  power supply. By making t h i s  u n i t  separable, t he  s y s t e m  

i s  readi ly  adapted t o  using o ther  sources of power. 

Eveready type S76 s i l v e r  oxide c e l l s  are used i n  th ree  s tacks  of four  

each. These c e l l  stacks a r e  connected i n  pa ra l l e l  by a beryllium copper 

contact assembly i n  the  bottom of the w e l l s  provided for t he  ba t t e r i e s ,  

t he  ground being ef fec ted  on the  negative s ide  of t he  b a t t e r i e s  through 

a beryllium oopper contact s t r i p  which closes  the  s ide  of the  compartment. 

The dosimeter i t s e l f  cons is t s  of f ive  major components, t he  de tec tor  

assembly, the  amplif ier  assembly, the demand readout switch and the  

modified Accutron watch, together with the  c i r c u i t  board assembly which 

supports a l l  i n t e r n a l  components except t he  watch movement and has b u i l t  

on it the threshold in t eg ra to r  and readout c i r c u i t s .  I t  i s  secured t o  

Twelve Union Carbide 

I .  
t 

t h e  t h i n  wall  aluminum housing by means of four screws from the back s ide.  

Two addi t iona l  screws support t he  amplifier assembly. The de tec tor  is I 
provided with a socket t o  permit i t s  being interchanged without damage t o  

t he  de tec tor  assembly or other  components. 
ava i l ab le  space, a spec ia l  subminiature switch assembly w a s  fabr ica ted  
using a type A5-71/P3 microswitch and a push button assembly b u i l t  i n t o  

the  case wall. The d e t a i l s  of t h i s  a r e  self-explanatory i n  the  drawingb. 

The watch movement i t s e l f  i s  supported d i r e c t l y  from the  case by means ot 

four mounting screws, i n t o  the  f ront  of t he  case. Removal and replacment 

of t he  e n t i r e  assembly i s  accomplished through the removal of a l l  screws 

permit t ing the  f lu sh  mounted watch movement t o  drop down s l i@Fly  h e l m  

t he  surface ot' t h e  housing. 

now be removed by s l i d i n g  out through the  open end of the housing. Be- 

cause of t h e  small physical s i z e  and low mass of a l l  t h e  components 

employed, l i t t l e  d i f f i c u l t y  is ant ic ipated i n  surviving the  Apollo shock 

and v ib ra t ion  requirements. 

Tn order t o  fit  i n t o  the  

The c i r c u i t  board and watch movement can 

The most vulnerable p a r t  of the instrunwrit 
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i s  the t h i n  aluminum hoiising i t s e l f .  Since it i s  an t ic ipa ted  t h a t  t h i s  

w i l l  be car r ied  i n  a pocket i n  the  space s u i t ,  most of the  G load w i l l  be 

* r a the r  uniformly d is t r ibu ted  over i t s  outer surface and fo r  t h i s  reason 
i 
I .. 

r e l a t ive ly  thin housing reinforced by the r a the r  massive power supply 

compartment should be able t o  withstand a l l  s t r e s ses  t h a t  might con- 
ceivably be applied t o  it. 
be removable i n  f l i .@t  should a change i n  mission p r o f i l e  require  more 
ba t te ry  l iEe  than i s  readi ly  obtainable from the  s i l v e r  oxide c e l l s .  

is  secured i n  place by two bal l  catch type fas teners  which a r e  capable 

of maintaining i t s  ponition under ra ther  severe loads. 

The power supply compartment i s  designed t o  

It 

Space is avai l -  

able f o r  a semi permanent fas tener  t o  augment t h i s  should it be required. 

The push button presents  some d i f f i c u l t y  i n  a r r iv ing  a t  an optimum 

design. In order t o  avoid the p o s s i b i l i t y  of proJect ing i t e m s  catching 

on the  mater ia l  of the space s u i t ,  a f lush push button design was indi-  
cated. On the  other hand, some d i f f i c u l t y  may be experienced depressing 

f lu sh  push button with a heavily gloved hand. 

however, lends i t s e l f  t o  increasing the  push button area almost inde l i -  

n i t e l y  t o  include i f  necessary, the e n t i r e  upper port ion of the case. 
Only extensive t r i a l s  with appropriately gloved hands w i l l  be able  t o  

decide t h i s  question. No attempt has been made t o  pressurize  or hermet- 

i c a l l y  s e a l  the e n t i r e  assembly. This would necess i ta te  the  use of a 

heavier walled housing with the consequent wasted space and weight. A l l  

The method of assembly, 

components have been t e s t ed  for operation i n  vacwm and no d i f f i c u l t y  

during pump down i s  ant ic ipated.  The watch movement i t s e l f  i s  vented 

t o  prevent excessive s t r e s ses  on the g lass  watch face during pump down. 
Because of the extremely low power d iss ipa t ion  i n  a l l  p a r t s  of the 

system, RO spec i f i c  requirements f o r  high temperature operation are 

required.  

pr imari ly  t o  somewhere i n  the  v i c in i ty  of 60 C. 
temperature a t  which l i thium d r i f t  de tec tors  begin t o  de t e r io ra t e  quite 

rap id ly  due t o  undesired d r i f t  cinder b ias .  Considering t h a t  the  i n s t m i -  

ment i s  i n  r a the r  close thermal contact with the astronaut ,  there  being 

The upper operating temperature i s  l imited by the de tec tor  
0 This repres&ts  the  

e s s e n t i a l l y  one thickness of s u i t  between the  dosimetry packaqc and the 
i n s i d e  a i r  conditioned space, t h i s  i s  not a n  iinreasonahlp temperature 
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l i m i t a t i o n .  S imi l a r ly ,  t h e  1 ow tempera ture  limits d i c t a t e d  p r i m a r i l y  

by t h e  f r e e z i n g  of t h e  e l e c t r o l y t e  i n  t h e  e l e c t r o c h e m i c a l  c e l l  and t h e  

loss i n  c a p a c i t y  of t h e  power so'irce a r e  n o t  expec ted  $0 be exceeded. 

. C a l i b r a t i o n  w i l l  be hampered somewhat below O°C a s  a r e s u l t  of the loss 
i n  performance a t  low power levels of  t h e  t r a n s i s t o r s  employed in t h e  

ampl i f i e r -  and integrator. The s u r f a c e  f i n i s h  h a s  been chosen primarily 
f o r  d u r a b i l i t y  and hand l ing  i n  normal l a b o r a t o r y  environments .  I t  is 
probably  d e s i r a b l e  t h a t  a low e m i s s i v i t y  s u r f a c e  be p rov ided  e i t h e r  i n  

t h e  form of s t r i p p i n g  t h e  anodize?. f i l m  and p o l i s h i n g  t h e  aluminum sur- 

f ace ,  o r  c o a t i n g  w i t h  a s u i t a b l e  l o w  e m i s s i v i t y  p a i n t .  
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7 .  TEST AND CALIBRATION 

Labora tory  t e s t i n g  was p e r f o r m d  on a l l  components of t h e  system i n  

. o r d e r  t o  ensu re  conformity of  t h e  : i n a l  components t o  t h e i r  d e s i g n  s p e c i -  

f i c a t i o n s .  F i n a l  c a l i b r a t i o n  of t l w  preamp1 if ier,  t h r e s h o l d  i n t e g r a t o r  

and readout  c i r c u i t r y  was perfr;rmed !]s ing a p u L s ~  g e n e r a t o r  a p p l i e d  t o  

the  t es t  i n p u t  of t h e  preampli t  icr.  t h e  c a l i b r a t i o n  of which was checked 

a g a i n s t  t h e  a c t u a l  detectnr i n p u t  wi th  t h e  a i d  of  an t inencapsulated 

d e t e c t o r  and an a p a r t i r l t l  source .  BeC'aLise of  t h e  p r e s s u r e  of t i m e  f o r  

d e l i v e r y ,  only a l i m i t e d  number of tests were performed on t h e  completed 

ins t rument .  

t e s t i n g  u s i n g  t h e  40 MeV pro ton  beam irom the UCLA s p i r a l  r i d g e  a c c e l -  

e r a t o r .  

These i nc. I uded response t o  Coho gamma r a y s ,  and Limited 

Temperature t e s t i n g  w a s  pert'ormed on the preamplifier and t h r e s h o l d  

i n t e g r a t o r  t o  de te rmine  t h e  e f f e c t ,  i f  any, o! vary ing  t empera tu re  on 

c a l i b r a t i o n  s t a b i l i t y .  

f i x e d  ra te  of a g iven  e n p l i t u d e  p u l s e  i n t o  t h e  tes t  i n p u t  of t h e  pream- 

p l i f i e r  and measuring t h e  c u r r e n t  i n t e g r a t e d - b y  t h e  E-cell. S e n s i t i v i t y  

from O°C t o  hQ0C v a r i e s  less than - + 5% f o r  b V B+ power supply.  

0 C, performance is r a t h e r  s h a r p l y  dependent on B+ v o l t a g e .  For B+ 
v o l t a g e  of  6-L/2 V, a l o s s  i n  s e n s i t i v i t y  of 10% i s  observed from O°C 
t o  -3OOC. 
v o l t a g e ,  namely 8, 9 and 1 0  v o l t s ,  i n d i c a t e  t h a t  a t  t h e s e  B+ v o l t a g e s ,  

t empera tu re  e f f e c t s  a r e  e s s e n t i a l l y  n e g l i g i b l e  t o  O°C w i t h  a 5% d e c l i n e  

i n  s e n s i t i v i t y  a t  -3O'C. 
supp ly  v o l t a g e  i f  e x t e n s i v e  low t empera ture  o p e r a t i o n  was a n t i c i p a t e d .  

These t e s t s  were perf;rrmed by i n t r o d u c i n g  a 

B e l o w  
0 

A t  5-1/2 V B+, t h i s  l o s s  i s  20%. T e s t  r u n s  a t  h i g h e r  Bt 

This would c a l l  f o r  a r e v i s i o n  i n  t h e  power 

The Accutron watch and readout  system was t empera ture  c y c l e d  over  a 

s i m i l a r  range  w i t h  e simul.ated inpu t  cor responding  t o  approximate ly  2000 

on-of f -cyc les .  The t imekeeping e r r o r  of t h e  W c u t r o n  i s  e s s e n t i a l l y  

n e g l i g i b l e  over  t h e  complete range, be ing  i n  t h e  neighborhood of a f e w  

hundred ths  p e r  c e n t .  However, a f'ixed e r r o r  i s  a s s o c i a t e d  w i t h  each  

s t a r t - s t o p  cyc le ,  r ang ing  from approximately 1 m i l l i s e c o n d  a t  normal 

t e m p e r a t u r e s  t o  a s  h igh  as  10 mi l l i s econds  a t  -3OOC. Since  each  second 

co r re sponds  t o  1 5  mr., t h i s  is a p o s s i b l e  e r r o r  of  0.15 t l ~  p e r  c y c l e .  
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If the  system i s  cyc led  t e n  times p e r  hour,  t h i s  could r e p r e s e n t  a ran-  

dom r a t e  e r r o r  of approximately 1 . 5  m r  per hour .  If c y c l i n g  of t h e  

readout  system t a k e s  p l a c e  l e s s  t’rcquc-ntly, t h i s  e r r o r .  i s  co r re spond ing ly  

reduced.  

Temperature e f ’ f e c t s  m the  dett .ct  cws arc! mensiired p r i n c i p a l l y  i n  

te rms  of  v a r i a t i o n s  i n  1 ~ a k i i g r  (stirrent and n o i s e  w i th  tempera ture .  

Leakage c u r r e n t  f o r  all d e t e c t o r s  was nonrinal ly 1 ess than  1 microamper+# 

a t  room tempera ture  and showed t h e  c h a r a c - t x r i s  t i c  doubl ing  €or each  1 1 ° C  

above room temperat i i re .  Becai:se of t h e  h i g h  ou tpu t  impp’dance of’ t h e  DC 

t o  DC c o n v e r t e r  supt) ly ing  b i a s  t o  t h e  detert.or, t h e  v o l t a q e  applied t o  

t h e  d e t e c t o r  d e c l i n e s  a s  Leakage c u r r e n t  t e n d s  t o  climb. T h i s  t e n d s  to  
keep t h e  n o i w  somewhat cons t an t  with a 5 t o  10% d e c l i n e  i n  s e n s i t i v i t y  

a t  t h e  h i g h e r  temperat t i res .  T h i s  e t ’ fer t t  appthars t o  ol’fset  t u  some e x t e n t  

t h e  tempera ture  coeff i e i e n t  of t h e  a m p l i f i e r  and  t h r e s h o l d  i n t e g r a t o r  in 

o r d e r  t o  keep t h e  o v e r a l l  response  w i t h i n  + 5%. - 
I n  t h e  coiirse of t h e  temperati ire runs,  s u b s t a n t i a l  hrimidity t e s t i n g  

was i n c i d e n t a l l y  performed through t h e  condensa t ion  of moi s tu re  on t h e  
c i r c u i t s  a s  a r e s u l t  01. t h e  r a p i d l y  changing tempera ture .  On linencap- 

s u l a t e d  c i r c u i t  boards,  t h i s  l e d  t o  e x c e s s i v e  leakage  i n t o  t h e  E-cell 

w i t h  a r e s u l t  t h a t  appa ren t  dose was accumulated even i n  t h e  absence  0 1  

any i n p u t .  T h i s  e f f e c t  was i n v e s t i g a t e d  and c o r r e c t e d  by c a r e f u l  

c l e a n i n g  of t h e  c i r c u i t -  board w i t h  de ion ized  water and alcohol f o l -  

lowed by c o a t i n g  wi th  a conformal epoxy c o a t i n g .  

Becaiise of t h e  p r e s s u r e  of time, shock 

n o t  performed on t h e  completed ins t rument .  

e lement  i n  t h e  system, namely t h e  Accutron 

q u a l i f i e d  fo r  launch Loads cons ide rab ly  i n  

and v i b r a t i o n  t e s t i n g  was 

However, t h e  most vu1 nerabl  t‘ 

watce  rnovwnent, h a s  been 

excwss  of’ t hose  a n t i c i p a t e d .  
4 

Absolu te  n u c l e a r  c a l i b r a t i o n  can be  c a r r i e d  ou t  only by having 

a v a i l a b l e  c a l i b r a t e d  sources of’ r a d i a t i o n  s i m i l a r  t o  t h o s e  which a1 

encoun te red  i n  space .  Two sources  oi‘ c a l i b r a t i n g  t i e l d s  were ava i 1 dk11 c 

w i t h i n  t h e  time sca le  f o r  d e l i v e r y  of t h e  instrLiments. One, ci I O  :?: ii- 

c i i r i e  Coo’ Soiirce capable  o f  f u r n i s h i n g  a w a s o n a b l e  !ini!drm t l e l d  



., . -31- 

approximately 1 rad per  hour and a 40 bleV proton beam from the  UCLA 
spiral r idge accelerator .  Calibrations using the  Co source w e r e  ap- 
proximately 2095 lower than would be calculated from the  source s t rength  

and distance.  This can be accounted for by the l o w  energy cut-off 

60 

I 
I 
I 

l 
I inposed by the  threshold integrator ,  though the  6oiirce ca l ib ra t ion  
I i t s e l f  i s  only + lo"?. 

obtained by placing the  detector  i n  the sca t te red  beam t o  avoid excess 
counting r a t e s  associated with the minimum d i r e c t  beam which can be 

s tab ly  generated by the  machine. Attempts t o  co r re l a t e  the counting 

r a t e  for protons i n  :i monitor detector with the  dose measured by the  

system produced quite e r r a t i c  r e su l t s .  Upon invest igat ion,  it was 

found tha t  the  extremely rapid f a l l  i n  the  number of sca t te red  protons 

per un i t  so l id  angle with angle made carrela , t ions between two de tec tors  

i n  apparently the same f i e l d  qui te  d i f f i c u l t .  
cor re la t ion  between t h e  calculated dose received by the monitor detector  

and the dose received by the  instrument a t  a s l i g h t l y  d i f f e ren t  angle 

bear l i t t l e  re la t ionship  t o  each other. 

calculat ion,  nuclear emulsions were placed over the  sens i t i ve  area of 

t he  A p o l l ~  dosimeter system and the two were i r r a d i a t e d  simultaneously. 

The nuclear emulsions a r e  being scanned by the  Health Physics personnel 

a t  UCLA, t h e  r e s u l t s  of which are not y e t  ava i lab le  for this  repor t .  

CaLibration data from the 40 MeV protons was - 
I 

For t h i s  reason, dose 

To attempt a more prec ise  

I n  order t o  provide the  best  possible ca l ib ra t ion  given the d i f f i -  

c u l t i e s  experienced, spectra  were taken on the  detector  i n  a dunmy case 

environment and channel by channel in tegra t ion  of the  pulse he3 ght 

spec t ra  obtained permitted calculat ion of t h e  dose deposited i n  the  
de tec tor  by the W mV protons. . With the  exception of a bump on the  

l o w  energy side of the  dE/dx peak obtained, this spectrum and the  cor- 
responding calculated dose corresponds q u i t e  wel l  t o  t h a t  which would be 
del ivered by W bIeV protons degraded by the  aluminum case. 

r e s i s t o r  Eor the  dosimeter was then adjusted such t h a t  a s imi la r  pulse 

d i s t r i b u t i o n  introduced by means of a pulse generator r e s u l t e d  i n  the 
appropriate  readout i n  rads.  

of t h i s  resistor in order t o  bring the sca le  f ac to r  i n t o  be t t e r  coin- 

cidence with absorbed dose as better ca l ibra ted  f i e l d s  are avail  able. 

, 

4 

The readout 

Provision has been made €or the shunting 

I 
' 1  
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8 .  CONCLUSIONS AND R E C M N D A T I O N S  FOR ADDITIONAL WORK 

From t h e  amount of work which could be done w i t h i n . t h e  time scale 
a v a i l a b l e ,  it would appear  t h a t  t h e  fundamental  p r i n c i p l e  behind t h e  

Apol.10 dos imeter  i s  sound and can y i e l d  r e p r o d u c i b l e  and r a d i o b i o l o g -  

i c a l l y  meaningful r e s u l t s .  While t h e  e n g i n e e r i n g  des ign  and mechanical  

packaging d i s p l a y  some rough edges w i t h  r e g a r d  t o  an in s t rumen t  f o r  

a c t u a l  f l i g h t  use, t h e  b a s i c  des ign  and packaging concepts  a r e  sound. 

I t  h a s  been shown t h a t  a dos imeter  f o r  t h e  p a r t i c l e  energy range  and 

l e v e l s  of i n t e r e s t  for t h e  Apollo mission can be f a b r i c a t e d  w i t h i n  t h e  

envelope,  ,weight and pcnver r e s t r i c t i o n s  a s s o c i a t e d  w i t h  a s e l f - c o n t a i n e d  

p e r s o n a l  dosimetry ins t rument .  As t h e  i n s t r u m e n t  des ign  i s  v e r i f i e d  and 

s o l i d i f i e d ,  f u r t h e r  r e d u c t i o b s  i n  s i z e  and weight  and g r e a t e r  ruggediza-  

t i o n  a r e  p o s s i b l e  through t h e  conversion of' t h e  remain ing  submin ia tu re  

p r i n t e d  c i r c u i t  board components t o  t h i n - f i l m  h y b r i d  c i r c u i t r y ,  as was 

done w i t h  t h e  p r e a m p l i f i e r  and a m p l i f i e r .  As b e t t e r  semiconductors  

become a v a i l a b l e ,  performance over  wider  temperature ranges  a t  reduced 

power can be expec ted .  However, even a t  the p r e s e n t  l e v e l s ,  adequate  

power f o r  t h e  miss ion  d u r a t i o n  i s  a v a i l a b l e .  

The work t o  be done f a l l s  i n  the  ca t egory  of environmental  t e s t i n g  

and c a l i b r a t i o n  v e r i f i c a t i o n  i n  v a r i e d  r a d i a t i o n  f i e l d s .  Such envi ron-  

mental t e s t i n g  i n c l u d e s  v e r i f i c a t i o n  of t h e  shock and v i b r a t i o n  perform- 

ance,  more d e f i n i t i v e  t empera tu re  and humidi ty  in fo rma t ion ,  and e x t e n s i v e  

l i f e  t e s t i n g  i n  t h e  thermal  vacuum environment s i m u l a t i n g  space.  While 

t h e  r e s u l t s  of such t e s t i n g  w i l l  undoubtedly i n f l u e n c e  s m  of the 
d e t a i l e d  des ign  and c o n s t r u c t i o n  f e a t u r e s  of t h e  in s t rumen t ,  it i s  n o t  

a n t i c i p a t e d  t h a t  any major r e v i s i o n  of t h e  concep t s  o r  t e c h n i q u e s  w i l l  
have t o  be made as a r e s u l t  of such q u a l i f i c a t i o n .  V e r i f i c a t i o n  of t h e  

r a d i a t i o n  c a l i b r a t i o n  r e q u i r e s  a cone ide rab le  amount of a c c e l e r a t o r  work 

w i t h  p a r t i c u l a r  emphasis on o b t a i n i n g  homogeneous d i f f u s e  beams of par- 
t i c les  i n  t h e  energy range of i n t e r e s t  i n  such a way t h a t  i n t e r c o n p a r i s o n  

of v a r i o u s  dose measuring d e v i c e s  can be  made. In  c o n s i d e r i n g  p o s s i b l c  

c a l i b r a t i o n ,  it i s  necessa ry  t o  determine what, if any, Loading f a c t o r s  

shou ld  be a p p l i e d  t o  t h e  v a r i o u s  LET of t h e  i n t e r a c t i o n s  observed.  Siic'h 

. 
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radiobio logica l ly  s i g n i f i c a n t  loading i n  accordance w i t h  LET i s  read i ly  

incorporated i n  the instrument due t o  i ts  mult i - sca le  integrator .  How- 
ever, u n t i l  some general agreement on the  part of radiat ion b i o l o g i s t s  

can be arrived at ,  the ciniform weighting which has been given t o  various 

LET l e v e l s  w i l l  have t o  be r e l i e d  on. 
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